Co-translational protein targeting by the Signal Recognition Particle (SRP) is an essential cellular pathway that couples the synthesis of nascent proteins to their proper cellular localization. The bacterial SRP, which contains the minimal ribonucleoprotein core of this universally conserved targeting machine, has served as a paradigm for understanding the molecular basis of protein localization in all cells. In this review, we highlight recent biochemical and structural insights into the molecular mechanisms by which fundamental challenges faced by protein targeting machineries are met in the SRP pathway. Collectively, these studies elucidate how an essential SRP RNA and two regulatory GTPases in the SRP and SRP receptor (SR) enable this targeting machinery to recognize, sense and respond to its biological effectors, i.e. the cargo protein, the target membrane and the translocation machinery, thus driving efficient and faithful cotranslational protein targeting.
Despite the lack of sub-cellular organelles, bacterial cells also contain distinct sites to which newly synthesized proteins must be correctly localized, including the plasma membrane and the extracellular space. Additional destinations in Gram-negative bacteria include the periplasmic space and the outer membrane. Across all bacterial species, the major protein trafficking route involves the transport of newly synthesized membrane and secretory proteins from the cytosol to the plasma membrane. As often occurs in microorganisms, bacteria have evolved multiple pathways for the targeted delivery of these proteins (Fig. 1 ) [3, 4] .
Protein targeting in bacteria can be divided into two major routes: (a) Post-translational pathways, in which the nascent protein is completely synthesized and released from the ribosome prior to targeting (Fig. 1, route 1) ; (b) the co-translational pathway, in which the targeting and translocation of the nascent cargo protein is coupled to its ongoing synthesis by the ribosome (Fig. 1, route 2 ). Co-translational targeting is preserved throughout evolution and is the major pathway for targeting all secretory and membrane proteins to the endoplasmic reticulum in higher eukaryotes. In contrast, most secretory proteins in bacteria are targeted to the plasma membrane via post-translational mechanisms ( Fig. 1, route 1 ). Why bacteria have evolved these different mechanisms remains unclear. It has been suggested that since protein translation is slower than translocation, it is beneficial to uncouple these pathways in rapidly growing organisms, like bacteria and yeast, to fully utilize the limited number of SecYEG translocation channels, a major translocon in the bacterial inner membrane [5] . Additional targeting mechanisms may have also evolved to accommodate specific substrates unable to use the Sec translocon (e.g. Tat pathway, see below).
Co-translational targeting is carried out by a universally conserved ribonucleoprotein complex, the Signal Recognition Particle (SRP) (Fig. 1, route 2a) , which primarily mediates the targeted delivery of ribosomes translating integral membrane proteins and some periplasmic proteins to the Sec translocon (SecYEG in bacteria, Sec61p in eukaryotes) at the plasma membrane [6] . Here, a continuous channel is formed from the ribosome exit tunnel to the SecYEG translocation pore, allowing the nascent protein to be directly released into the membrane. The co-translational mode of targeting ensures that proteins containing highly hydrophobic transmembrane domains are sequestered from the aqueous environment of the cytosol and thus protected from misfolding or aggregation.
While SecYEG is the main site for protein insertion, other translocation machineries are often found to participate in membrane protein insertion in bacteria. The most notable of these is the non-homologous YidC translocon [7] , which is essential in bacteria and is also found in organelles derived from them. In vivo, YidC appears to exist in two pools: one that is tightly associated with SecYEG and assists in the integration of polytopic membrane proteins [8] [9] [10] [11] , and another that acts independently of SecYEG to mediate the integration of several multi-spanning membrane proteins [12] [13] [14] . Targeting to YidC (Fig. 1, route 2b ) is thought to occur via the SRP pathway, although SRP-independent mechanisms may also be involved [15] . Although YidC has been shown to bind translating ribosomes [16, 17] , the mechanism by which YidC mediates insertion of its substrates is not well understood [14, 18] .
Post-translational targeting of many periplasmic, outer membrane, and secretory proteins to SecYEG is carried out by the chaperone SecB, which captures newly synthesized substrate proteins in a translocation-competent state and delivers them to the ATPase SecA. SecA tightly associates with SecYEG and inserts the unfolded substrate protein across it using ATP-driven conformational changes (Fig. 1, route 1b) [3, 4, 19] . Other general chaperones, such as trigger factor (TF), may also be involved in maintaining the nascent polypeptides in a translocation-competent unfolded state. Recent reports suggest that SecA can also associate with ribosomes bearing the SecM nascent chain, raising the intriguing possibility that post-translational targeting machineries could also exert some of their actions cotranslationally [20] .
In an alternative targeting route, a subset of secretory proteins may be translocated in a completely folded state. This may be essential for substrate proteins that fold quickly, require cytosolic co-factors for maturation, or are multi-protein complexes in which only one subunit has a signal sequence. Substrates for this pathway have a twin arginine motif in their signal sequence and are translocated via the Tat translocon, composed of TatA, TatB and TatC subunits (Fig. 1, route 1a ) [21] . How the substrate proteins, which presumably fold in the cytosol, are targeted to and translocated across the membrane by this pathway remains a mystery [22] .
In addition to these pathways, there may be other mechanisms for targeting proteins to the bacterial membrane (Fig. 1, route 1c) . For example, bacteria contain several proteins with putative C-terminal transmembrane domains (called tail-anchored proteins) that lack an Nterminal targeting sequence [23] . The mechanism by which these proteins are targeted to the membrane is not known. In a radically distinct mechanism, targeting could also precede translation and may instead rely on cis-acting elements in the TM-encoding regions of the mRNA [24] . The detailed mechanisms for targeting of these substrates have not been elucidated.
Despite the diversity of trafficking pathways, protein targeting can be divided into three key steps that are common to all pathways: recognition of substrates in the cytosol, their delivery to the target membrane, and passage through the membrane. The SRP pathway embodies these general principles and has served as a paradigm for understanding the molecular basis of protein localization in all cells. In this review, we focus on key events in the bacterial SRP pathway and highlight recent advances in our understanding of co-translational protein targeting.
SRP-mediated co-translational targeting
Although the size and composition of SRP varies significantly across species, the bacterial SRP contains the essential ribonucleoprotein core of SRP that can replace its more complex eukaryotic homologues to carry out efficient protein targeting to the endoplasmic reticulum [25, 26] , highlighting the remarkable evolutionary conservation of this pathway. As such, the much simpler bacterial SRP has served as a model system to understand the fundamental molecular mechanisms and energetic principles of this targeting machine in both prokaryotic and eukaryotic cells.
Bacterial SRP is comprised of the protein Ffh (a homologue of SRP54, the only evolutionarily conserved protein component of eukaryotic SRP) bound to a 4.5S SRP RNA [25, 26] . Ffh has two functional domains connected by a flexible linker: a C-terminal Mdomain, which contains the binding site for the SRP RNA and the signal peptide [27] [28] [29] [30] ; and an NG-domain composed of an N-terminal N-domain packed tightly against a central Gdomain. The helical N-domain binds the ribosomal protein L23 at the ribosomal tunnel exit site, while the G-domain harbors the GTPase activity of Ffh and interacts with the SRP receptor.
The SRP targeting cycle begins when SRP recognizes N-terminal signal sequences displayed on proteins destined for the plasma membrane as they emerge from the translating ribosome (Fig 2, step 1) . The ribosome nascent chain complex (RNC or cargo) is delivered to the target membrane via the interaction of SRP with its receptor SR, which associates peripherally with the membrane (Fig 2, steps 2-3) . At the membrane, the cargo is transferred to the SecYEG translocation channel (Fig 2, steps 4-5) . Here, the nascent protein is either integrated into or translocated across the membrane. Meanwhile, SRP and SR dissociate and begin another round of targeting [6, 31] . Below we discuss each of these steps in greater detail.
(a) Cargo Recognition
SRP-dependent signal sequences are characterized by a stretch of hydrophobic amino acids that are minimally 8-12 residues long and preferentially adopt an α-helical structure. Thus the first transmembrane helix of an integral membrane protein can often serve as a signal sequence for SRP. These signals are highly divergent in sequence, length and amino acid composition, and lack any known consensus motifs [5, 32] . How does SRP recognize such diverse signal sequences? Early cross-linking and sequence analyses identified the Mdomain of SRP as the signal sequence-binding site [33] [34] [35] [36] . This was supported by the notion that the methionine rich M-domain of SRP provides a hydrophobic environment with sufficient plasticity to accommodate a variety of signal sequences. The crystal structures of Ffh [30] and SRP54-signal peptide fusions [28, 29] showed that the signal sequence binds into a deep, hydrophobic groove in the M-domain. Interestingly, two crystal structures solved to-date for the SRP54-signal-peptide fusions [28, 29] show different docking modes of the signal peptide, highlighting the flexibility of the signal sequence-M domain interaction.
The SRP M-domain also contains a flexible finger loop, which lines the signal-sequence binding groove of SRP [30] . The fingerloop was proposed to be important in signal sequence binding based on structural studies and the finding that mutations in this conserved region abolish the ability of SRP RNA to stimulate SRP•SR complex assembly, a process normally triggered by signal sequences or their mimics (see section 3 below) [30, 37, 38] . However, recent biochemical studies that directly measured the contribution of this interaction to cargo-SRP binding suggest that the role of fingerloop in signal sequence recognition is small [39] . Rather, it plays a crucial role in mediating communication between the two functional domains of SRP by conveying information about binding of the signal sequence in the M-domain to its NG-domain.
Nevertheless, the binding of isolated signal peptides to SRP is weak, with a dissociation constant in the micromolar range [40] . In contrast, vacant ribosomes bind SRP with an affinity of 80-100 nM [41] [42] [43] . Thus the interaction with the ribosome makes a significant contribution to the RNC-SRP binding energy and provides an important driving force for SRP recruitment to RNCs. The site of the SRP-ribosome interaction was identified from cross-linking analysis [44, 45] and cryo-EM reconstructions [46, 47] of the RNC• SRP complex. Together, these studies showed that the primary interaction occurs between the SRP N-domain and the ribosomal protein L23 adjacent to the ribosomal tunnel exit (Fig 2,  step 1 and lower left panel). Additional contacts are observed between the N-domain and the ribosomal protein L29 near the ribosome exit site, and between the M-domain and the 23S ribosomal RNA and the ribosomal protein L22, although the contribution of these contacts to SRP-RNC binding remain to be determined. These multi-dentate interactions allow the SRP to bind RNCs with low to sub-nanomolar affinity [41-43, 48, 49] .
(b) Interaction of SRP with SRP receptor
The membrane localization of cargo-bound SRP is mediated via interaction between the NG domains of SRP and SR. The SRP receptor, called FtsY in bacteria, is a peripheral membrane protein with an NG-domain that is highly homologous to the NG-domain of Ffh [50, 51] . As described in section (c) below, FtsY associates with membrane dynamically [52] [53] [54] and its membrane binding is enhanced by its GTP-dependent interaction with SRP [55] , suggesting that the bacterial receptor likely cycles between the membrane and the cytosol.
The FtsY NG-domain is preceded by an acidic A-domain, which is thought to anchor the targeting complex to the membrane [56, 57] and mediate interactions with the SecYEG translocon [58] . The GTPase G-domains of SRP and SR share the classic Ras GTPase fold and contain the four conserved sequence motifs (GI-GIV) of the GTPase superfamily [59, 60] . Unique to the SRP family of GTPases are two additional features: (i) an insertion box domain (IBD) comprised of a β-α-β-α motif, which contains multiple catalytic residues required for GTP hydrolysis; (ii) the N-domain, which is a four-helix bundle that packs tightly against the G-domain to form a structural and functional unit (the NG domain) and plays crucial roles in SRP function (see below).
Free Ffh and FtsY have low nucleotide binding affinity and display open nucleotide-binding pockets in their crystal structures allowing free exchange of nucleotides [60] [61] [62] . In this state they exhibit low basal GTPase activity, as the IBD loops are not correctly aligned for GTP hydrolysis [63] . Ffh and FtsY also do not exhibit significant conformational differences in the apo, GDP-, or GTP-bound states. Thus unlike the canonical GTPases, they do not require GTPase activating proteins (GAPs) or guanine nucleotide exchange factors (GEFs) to regulate their GTPase cycle [64] . Instead, the GTPase cycle of SRP and SR is controlled by nucleotide-dependent dimerization, which leads to their GTPase activation (see next paragraph). Other members of this novel family of dimerization-activated GTPases include FlhF, MinD, MnmE, the dynamins, Toc proteins and septins [64] [65] [66] [67] .
A series of discrete conformational changes occur during the dimerization of the SRP and FtsY NG-domains, which culminate in reciprocal GTPase activation in both proteins (Fig 3) . SRP and FtsY can initially associate to form a transient 'early' intermediate independently of GTP (Fig 3, step 2) [68] . This intermediate is unstable (K d ~ 4-10 µM) and involves electrostatic contacts between the N-domains of SRP and FtsY (Fig 3, right panel) [69] [70] [71] . The presence of bound GTP in both proteins induces a conformational change involving adjustments of the NG-interface [50, 51, 72, 73] and removal of an inhibitory N-terminal helix of FtsY [55, [74] [75] [76] (Fig 3, step 3) . This results in a stable 'closed' complex with extensive interfacial interactions between the two G domains (Fig 3, bottom panel) . The two GTP molecules also interact with each other across the dimer interface via hydrogen bonds between the 3′-OH of one GTP and the γ-phosphoryl oxygen of the other, which contributes to the enhanced stability of the closed complex and its specificity for GTP [50, 51] . The final rearrangement in the GTPase cycle involves repositioning of the catalytic residues in the IBD loop at the active site, so that the GTPases are 'activated' to trigger efficient GTP hydrolysis (Fig 3, step 4) . Three catalytic residues in each IBD loop (Asp 135, Arg138 and Gln144 in Ffh and Asp 139, Arg142 and Gln148 in FtsY) coordinate the nucleophilic water, the active site magnesium and the γ-phosphoryl oxygen, respectively, forming a symmetric composite active site at the heterodimer interface primed for GTPase activation (Fig 3, left  panel) [50, 51, 72] . Hydrolysis of GTP results in loss of stabilizing contacts mediated by the γ-phosphate at the heterodimer interface, driving the irreversible dissociation and recycling of SRP and SR (Fig 3, step 5 ) [63, 77] .
Importantly, the GTPase cycle of SRP and SR is tightly coupled to their biological function. Every conformational step in this cycle is regulated by its respective effector in the targeting pathway, including the cargo protein, anionic phospholipids, and the SecYEG translocon (Fig 4) , thus allowing the recognition of cargo to be effectively coupled to its efficient delivery at the membrane. For example, in the absence of biological cues, stable complex formation between SRP and SR is too slow (k on ~ 10 2 -10 3 M −1 s −1 ) [40, 63] to sustain the protein targeting reaction. An SRP-dependent substrate can strongly stabilize the otherwise labile early complex (Fig 4, step 2) , thereby accelerating the stable SRP-FtsY complex assembly 1000-fold [70] . Likewise, anionic phospholipids can accelerate complex formation 160-fold by preorganizing FtsY into the closed conformation (Fig 4, step 3 ) [55, [78] [79] [80] . These effects ensure rapid delivery of cargo to the membrane and prevent futile cycles of GTP binding and hydrolysis.
Interestingly, the cargo also slows down the rearrangement of the GTPases to the closed state and delays conformational changes that lead to GTPase activation (Fig 4, step 4) [43, 70] . This generates a highly stable RNC•SRP•FtsY complex paused at the early conformational stage, in which a strong cargo is estimated to bind SRP with picomolar affinity. What could be the role of such a 'pausing' effect? On the one hand, pausing delays GTP hydrolysis and thus lengthens the lifetime of the targeting complex from <1 s to ~ 8 s [70] , likely providing an important time window for the targeting complex to productively search for the membrane and thus preventing abortive targeting cycles. On the other hand, pausing also provides a strategy for the SRP to discriminate against incorrect substrates, as described in section 4 [43] .
Although beneficial at the early stages of targeting, continued tight binding of SRP to its cargo will be detrimental for cargo unloading. A partial resolution to this problem is provided by the conformational rearrangement of the GTPases to the closed and activated states, which is predicted to weaken cargo-SRP binding by ~400-fold and thus switch the SRP from a cargo-binding to a cargo-releasing mode [70] . In agreement with this model, cryo-EM [81] and cross-linking experiments [45] with eukaryotic SRP•SR complexes show that the NG-domain of SRP becomes mobile and detaches from its binding site on the ribosomal protein L23. Mutant GTPases that specifically inhibit the rearrangement to the activated state strongly inhibit protein targeting [82] , consistent with the importance of the late GTPase rearrangements in cargo unloading. Remarkably, anionic phospholipids strongly favor the rearrangement of the targeting complex to the closed state, thus spatially coupling the delivery of the cargo to its subsequent unloading at the membrane [55, 78] . Finally, it was recently shown that SecYEG partially negates the cargo-induced stabilization of the early state and actively promotes reactivation of GTP hydrolysis [83] . These studies show that SecYEG is not a passive channel, rather it plays an active role in driving the rearrangement of the targeting complex to the activated state in which the cargo can be more readily unloaded from the SRP (Fig 4, step 5 ) [83] . Collectively, these results provide a coherent model for how the novel GTPase cycles in the SRP and SR provide exquisite spatial and temporal co-ordination of co-translational protein targeting.
(c) Interaction of SR with the membrane and SecYEG
Several lines of evidence including in vivo co-localization [53, 54] , cell-fractionation [52] and in vitro liposome binding experiments [55, 56, 84] suggest that the interaction of FtsY with the membrane is weak and dynamic. Although the A-domain of FtsY was thought to mediate its localization at the membrane, recent studies show that a truncated version of FtsY (termed NG+1), containing an additional residue preceding the NG domain (Phe196), is sufficient for lipid binding [56, 85, 86] . This observation can be explained from a comparison of the crystal structures of the FtsY(NG) and FtsY(NG+1) constructs, which show that the presence of Phe196 in FtsY(NG+1) induces the folding of an otherwise unstructured region into an amphipathic α-helix at the N-terminus [56, 60] . This helix, rich in basic residues, is the primary lipid-binding motif of FtsY. Consistent with this finding, FtsY(NG+1) can support co-translational targeting both in vitro and in vivo [85, 86] .
In vitro binding studies also show that FtsY preferentially binds anionic phospholipids, phosphatidylglycerol (PG) and cardiolipin [55, 56, 84] . These observations are supported by in vivo growth assays, in which the upregulation of genes responsible for PG and cardiolipin biosynthesis rescue an FtsY mutant defective in lipid binding [80] . Given that SecYEG and SecA also preferentially interact with anionic phospholipids [87, 88] , this suggests that regions of bacterial membrane enriched in these phospholipids may act as favored sites for protein targeting and translocation.
Cross-linking and co-purification assays further suggest that FtsY can also interact with SecYEG, which could provide an attractive mechanism to localize the targeting complex to translocation sites on the membrane [89, 90] . Mutagenesis and cross-linking experiments have identified residues in the A-domain of FtsY that interact with loops connecting TMs 6-7 and TMs 8-9 (called loops c4 and c5 in bacteria) [57, 58, 90] . The importance of these interactions for co-translational protein targeting has been difficult to gauge, since the A-domain is poorly conserved and is dispensable in vivo. Further, the same residues in loops c4 and c5 of SecYEG also interact with the ribosome [58] , suggesting that their interaction with FtsY is transient and needs to be broken for stable binding of SecYEG to the translating ribosome. The precise nature of these interactions and their roles in co-translational targeting remain to be determined.
(d) Cargo-SecYEG interaction
In the last step of co-translational protein targeting, the ribosome must be transferred to an essential and highly conserved protein-conducting channel, a heterotrimeric complex composed of the SecY, E, and G subunits [91] . The mechanism by which SecYEG mediates the translocation of secretory proteins across the membrane, or the integration of membrane proteins into the lipid bilayer, has been studied extensively through biochemical, genetic, and cross-linking experiments (for reviews see ref [92] [93] [94] [95] ). These studies were corroborated by the crystal structure of M. jannaschii Sec YEβ, an archeal SecYEG homolog [96] , which showed that ten transmembrane helices of the SecY subunit of the translocon form an hourglass-shaped channel that provides the passageway for translocated proteins across the cell membrane. A lateral gate formed by two transmembrane helices (TM2b and TM7) serves as a binding site for signal and signal anchor sequences, and allows membrane proteins to exit the translocon laterally into the lipid bilayer [97] [98] [99] [100] . Although SecYEG mediates the translocation of both co-and post-translationally targeted proteins, here we focus on the role of SecYEG during co-translational protein targeting.
Biochemical and genetic studies [101, 102] , together with cryo-EM reconstructions of the RNC-translocon complex [103] [104] [105] [106] , showed that highly conserved basic residues in the cytosolic loops c4 and c5 interact with the ribosomal proteins L23 and L29 at the ribosome exit site (Fig 2, lower right panel) . Intriguingly, both the SRP and SecYEG bind to overlapping sites on the RNC. Thus the binding of these two factors to RNC is expected to be mutually exclusive, requiring SRP to detach from the RNC to allow its stable engagement with the translocon. This raises puzzling questions as to how abortive loss of cargo is prevented and how cargo is retained at the membrane during transfer. A plausible resolution to this puzzle could involve a concerted mechanism of cargo transfer that proceeds via the formation of a RNC•SRP•FtsY•SecYEG quaternary complex. Support for such a mechanism has come from a kinetic analysis of SRP•FtsY GTPase cycle [83] and from recent studies with the SRP RNA as described in the next section.
SRP RNA: An active scaffold to mediate conformational changes of SRP and SR
The SRP RNA is an evolutionary conserved RNA found in all SRPs. Since its serendipitous discovery by Peter Walter in the mammalian system, it was largely thought to be a passive scaffold necessary for the correct assembly of the six mammalian SRP protein subunits. The discovery of bacterial SRP RNA ten years later challenged this view [107] . SRP RNA was found to be essential in bacteria in spite of the fact that bacterial SRP contains only one protein subunit, implying that this RNA played a more active role in co-translational protein targeting beyond scaffolding [108] . Recent biochemical and structural studies have demonstrated that indeed, the SRP RNA actively mediates the global reorganization of the SRP in response to cargo binding, thus allowing communication between the cargo and SRP/SR GTPases during co-translational protein targeting.
Bacterial SRP, which contains the most conserved domain IV of the SRP RNA, forms a hairpin structure capped by a highly conserved GGAA tetraloop. It binds with picomolar affinity to the M-domain of Ffh via two internal loops, A and B, adjacent to the tetraloop [27] . By itself, the SRP particle can attain multiple conformations in which the orientation of the Ffh NG-domain with respect to the RNA is variable as evidenced from crystal structures and structural mapping experiments (Fig 4, top panel) [30, 37, [109] [110] [111] . These results suggest that free SRP is a highly dynamic particle that can undergo substantial structural rearrangements, likely due to the 30-amino acid flexible linker connecting the M-and NGdomains of Ffh.
The binding of RNC induces a global conformational change in SRP (Fig 4, step 1) [46, 47, 112] . The M and NG domains, which bind the signal sequence and the ribosome respectively, are reoriented such that the SRP RNA lies almost perpendicularly to the ribosomal exit tunnel and its tetraloop end is next to the surface of Ffh that interacts with FtsY (Fig 4, top right panel) . This is crucial because the RNA tetraloop is required to catalyze the rapid assembly of the SRP•FtsY complex [63, 68, 113, 114] . Based on kinetic and sequence analysis [115] , footprinting experiments [116] and cryo-EM data [71] , a key electrostatic interaction is made between the SRP RNA tetraloop and conserved basic residues including Lys399 in the G-domain of FtsY (Fig 4, step 2 and lower right panel) . By stabilizing the otherwise highly labile early intermediate, this interaction accelerates the assembly of the SRP•FtsY complex by 2-3 orders of magnitude [68, 115] . Consistent with the structural observations, the stimulatory effect of the RNA tetraloop is only observed with RNCs bearing SRP-dependent signal sequences [115, 117] or with signal peptides and their mimics [40] . Together, these studies show that RNCs bearing SRP substrates favor an SRP conformation that is more conducive to rapid recruitment of the receptor, thereby ensuring efficiency and fidelity of targeting.
Although these results confirmed an essential role for the tetraloop end of the SRP RNA in protein targeting, they did not explain why bacteria needed an elongated SRP RNA containing 114 nucleotides that span >100 Å [108] . The answer to this question came from a recent crystal structure, which trapped a closed/activated state of the GTPase complex at the opposite end of the SRP RNA ~100 Å away from the tetraloop end (Fig 4, left panel) [118] . The structure was corroborated by biochemical studies, which showed that mutations at the distal site compromised the GTPase activity of the SRP•FtsY complex. These results suggest a model in which the SRP•FtsY NG domains, after initial assembly at the tetraloop end of the RNA, relocalize to its distal end where GTP hydrolysis is activated (Fig 4, steps  3-4) . This movement was directly visualized by single molecule fluorescence microscopy experiments, which also showed that interaction with the RNA distal end further stimulated GTP hydrolysis in the NG-domain complex another 100-fold [119] . Importantly, the movement of the NG dimer to the RNA distal end is negatively regulated by the translating ribosome and restored by the SecYEG complex [83, 119] , explaining the molecular basis for the cargo-induced 'pausing' of the GTPases and how this pausing effect is relieved by the SecYEG channel.
These findings also provide the first experimental support for a concerted mechanism of cargo handover from the SRP to the SecYEG complex: the movement of the GTPase complex to the SRP RNA distal end vacates the ribosomal protein L23, thereby making it accessible to SecYEG. Consistent with this notion, cross-linking and cryo-EM reconstructions of the closed targeting complex indicated the absence of SRP and FtsY NGdomains from the vicinity of the ribosome exit site [45, 81] . Co-localization and kinetic measurements further provided some evidence that the transfer of cargo happens via the formation of a RNC• SRP• SR• SecYEG quaternary complex [83, 119] . The detailed molecular mechanism of RNC transfer to the translocon and the precise nature of the quaternary intermediate remain to be elucidated. Nevertheless, the movement of the NGdimer to the RNA distal end switches the SRP to a conformation more conducive to the unloading and transfer of cargo. This movement, which is actively promoted by SecYEG [83] , provides an attractive mechanism to couple the unloading of cargo to GTP hydrolysis (Fig 4, step 5 ), thereby minimizing futile GTPase cycles and abortive targeting reactions.
Thus, the SRP RNA is an active molecular scaffold that can mediate large-scale protein rearrangements and exchange of distinct factors via multiple protein interaction sites, thus allowing effective co-ordination of a complex cellular pathway. Such RNA-mediated movement of proteins has been observed in other ribonucleoprotein complexes including the spliceosome [120] , helicases [121] and restriction endonucleases [122] . These studies provide a general framework to facilitate understanding of similar mechanisms in other ribonucleoprotein particles.
Fidelity in the SRP pathway
SRP signal sequences are highly divergent in composition and lack a consensus motif [5, 32] . Thus, SRP must be sufficiently flexible to accommodate diverse signal sequences. On the other hand, accurate protein localization within the cell requires the SRP to remain highly faithful to its cognate substrates and effectively reject non-cognate substrates based on small differences in their signal sequences. How SRP meets these challenges and achieves a high fidelity of protein localization was not understood for a long time. It was previously thought that the major discrimination between SRP-dependent and SRPindependent substrates came from the weaker binding of SRP to incorrect substrates (Fig 4,  step 1) . Recent kinetic analyses indeed show that incorrect substrates are released from SRP significantly faster than correct ones [49] . However, quantitative measurements also show that the SRP can nevertheless bind to incorrect cargos and vacant ribosomes with substantial affinity (K d ~ 13-100 nM) [41] [42] [43] . Thus given the cellular concentration of SRP (~ 400 nM), a significant fraction of these incorrect cargos will still bind SRP and might compromise its fidelity. How are these challenges overcome by SRP?
A quantitative analysis of the bacterial SRP pathway revealed that the conformational rearrangements during the SRP•SR GTPase cycle introduce additional fidelity checkpoints for rejecting incorrect cargos [43] . These include: (a) the efficient formation of an SRP•SR early intermediate, which is strongly stabilized by the correct cargos but not by incorrect cargos (Fig 4, step 2) ; (b) subsequent rearrangement of the early complex to the closed state, which is ~10 fold faster for correct cargo (Fig 4, step 3) ; and (c) the pausing of GTP hydrolysis in the SRP•SR complex by the correct, but not the incorrect cargos (Fig 4, step  4 ). This sets a differential 'timer' for the targeting complexes: those that carry the correct cargos have a much longer time window to locate the SecYEG translocon, whereas those carrying the incorrect cargos are aborted through premature GTP hydrolysis. A mathematical analysis of the kinetic and thermodynamic parameters of each step suggests that all of these factors are necessary to reproduce the experimentally observed pattern of substrate selection by the SRP in a reconstituted protein targeting assay [43] . Thus, fidelity in the SRP pathway is achieved via a combination of mechanisms including preferential binding, induced fit, and kinetic proofreading. These characteristics are highly reminiscent of other important biological machines including the DNA and RNA polymerases [123, 124] , spliceosome [125] , tRNA synthetases [126] , and the ribosome [127] , and may represent a general mechanism for pathways that need to differentiate between correct and incorrect substrates based on small differences.
A crucial factor that contributes to the fidelity of the SRP is the kinetic competition of the targeting pathway with the elongation of the nascent polypeptide by the ribosome. Multiple lines of evidence suggest that SRP loses its ability to target nascent proteins longer thañ 140 amino acids [42, 128] . This effect might be more prominent for the bacterial SRP which, unlike the mammalian SRP, does not cause translation arrest [129, 130] . In vitro and in vivo targeting experiments show that a slower rate of translation elongation can rescue substrate proteins bearing mutant signal sequences that are sub-optimal in co-translational protein targeting under normal conditions [130, 131] . Similar observations were made either when the SRP subunits were depleted or when the kinetics of the SRP-receptor binding was compromised [129] [130] [131] . These data suggest a model in which targeting by SRP is in kinetic competition with ongoing translation and provides an important driving force for fidelity of SRP.
Additional in vivo conditions could further modulate the fidelity of the SRP-mediated protein targeting. The ribosome exit site is a crowded environment where various chaperones, modification enzymes and transport factors compete for binding the nascent chain [132, 133] . For example, the nascent chain associated complex (NAC) is a cotranslational chaperone in yeast [134] , which has overlapping substrate specificity with SRP. It was recently shown that the presence of NAC could modulate the binding of SRP to its substrates and help to enhance the fidelity of SRP [135, 136] . Similar mechanisms are also likely to operate in bacteria further improving the overall fidelity of the SRP-mediated protein-targeting pathway.
Conclusions
In summary, the biochemical accessibility of the bacterial SRP pathway has allowed an indepth mechanistic understanding of the molecular mechanisms that underlie co-translational protein targeting. These studies show that SRP and SR are multi-state regulatory GTPases that directly respond to the biological effectors in the pathway including the cargo protein, anionic phospholipids and the translocon. The SRP RNA plays a critical role in this process by acting as a scaffold that actively drives large-scale conformational rearrangements. A concerted action of these machineries ensures the efficiency and fidelity of protein targeting. The challenges faced by SRP are general to protein targeting machineries, and the lessons learned here may be applicable to other protein targeting pathways. A schematic depiction of various targeting pathways for delivering proteins to the bacterial inner membrane. Newly synthesized proteins with N-terminal targeting sequences (magenta) can be targeted either post-translationally (route 1) or co-translationally (route 2). Posttranslational targeting (route 1) involves targeting of the nascent protein either in a fully folded state via the Tat pathway (1a) or in an unfolded state via the chaperone SecB and the ATPase SecA (1b). Both pathways may also involve general chaperones (pink) that maintain the proteins in a translocation-competent state. The co-translational targeting pathway (route 2), which primarily handles inner membrane proteins in bacteria, is mediated by the signal recognition particle (SRP, blue) and its receptor (SR, green) (2a). Both SecA (yellow) and SRP deliver proteins to the SecYEG protein-conducting channel and may co-operate in the translocation of membrane proteins with large periplasmic domains. Translating ribosomes may also be directly delivered to the YidC translocase (2b), which may either act independently or in conjunction with SecYEG. Whether additional pathways exist for the targeting of substrates, such as tail-anchored proteins, remains to be determined (1c). The same color scheme is maintained throughout the paper. 
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